RELATIVE INTENSITY
. A histogram of the relative energies in individual pulses from PSR 1133 +16 shows to distinct classes of pulse which correspond to normal and to nulled pulses which have essentially zero intensity.
By generating datum windows on and off the pulse, successive pulse energies in each spectral channel can be determined and the longer-term behaviour of pulse energy plotted. This has been done in Figure 3 for two pulsars. For PSR 1133 + 16 the characteristic intensity variations of interstellar scintillation are clearly apparent where at any given frequency the pulse energy varies on time scales of minutes. The width of the scintillation variations in frequency is predicted to vary as the fourth power of the frequency, and even qualitatively one can see the strong variation in Figure  3 (a). Puslar PSR 0628-28 is more distant than PSR 1133 + 16 and the finer scale of the scintillation is not resolved by the 1 MHz resolution of the acousto-optical spectrograph as used here. The strong-intensity bands in Figure 3 (b) have a different cause. Pulses from PSR 0628-28 are highly linearly polarized and these observations were made with a linearly polarized feed. One is seeing the effects of Faraday rotation as the angle of received polarization rotates with increasing frequency. The depth of the modulation is a direct indication of the mean degree of linear polarization of the pulses while the spacing of the bands varies as the inverse cube of the frequency and inversely with the weighted mean magnetic field between the pulsar and Earth.
The broadband observations of pulsars therefore offer the chance to observe across all of these variations. Smoothing over effects of dispersion and scintillation gives accurate estimates of inherent pulse energies. This is particularly interesting for PSR 1133 + 16, where the phenomenon of nulling is observed (Backer 1970) . As far as can be seen, occasional pulses seem to be suddenly and completely turned off. Pulse energies plotted in histogram form, as in Figure 4 , clearly separate into the nulled and normal pulse classes. Nulled pulses make up 12% of the total number of pulses.
Reduction of the data is still continuing. The basic problem is the vast numbers of data, which need to be interacted with at all stages, for a number of reasons. One is to edit interference; others include the fitting of windows to the pulses, as in Figure 2 . Indeed in fitting these windows it was possible to derive an improved dispersion measure of 485 ± 3 cm -3 pc for PSR 1641-45. But to display and interact with the many data ideally one requires a graphics-oriented system with flexible image display and manipulation.
Observations with wide fractional bandwidths are clearly unique. The problems of interference and analysis still need to be fully solved before full application is possible to scintillation, pulsars, and to source variability in general.
Introduction
The completion of the Uhuru and Ariel V (Cooke et al. 1978) surveys of the sky for X-ray emission has resulted in many proposed identifications with individual galaxies and clusters of galaxies. The X-ray positions are not usually accurate enough to enable a positive identification to be made of the X-ray sources with optical or radio objects, and hence the identification is often based on statistical arguments -viz., the unexpected occurrence of unusual galaxies, radio sources or clusters of galaxies within or near the X-ray error boxes. There is usually no significant information available on the angular size of the X-ray emitter but in two or three cases (e.g. Perseus cluster, Coma cluster and Virgo cluster) the angular resolution is good enough to identify a broad component with dimensions approaching those of the whole cluster. This extended X-ray emission has been ascribed to either inverse Compton scattering of the 3° microwave background by relativistic electrons in the intracluster medium or to thermal-bremsstrahlung emission by an optically thin plasma at -10 s K.
The presence of low-frequency radio sources with steep spectra in clusters emitting X-rays was first proposed by Willson (1970) for Coma and by Costain et al. (1972) for Abell 2256. The number of steep-spectrum radio sources in such clusters has since been increased by Baldwin and Scott (1973) , Guthrie (1977) and Erickson et al. (1978) . On the basis of low-resolution measurements these authors claim that a few of these sources are of large angular extent ( -30' arc) and may be identified with corresponding extended X-ray sources in the same clusters. In other cases the radio sources have the dimensions of individual galaxies in the cluster.
Correlations between X-ray and radio sources made previously have relied upon an examination of published surveys taken with instruments of widely differing type and Proc.-4S/H3(5)1979
Contributions 333 angular resolution (generally very poor at the lower frequencies). From this heterogeneous selection of radio data, radio positions and spectra have been deduced which may be in serious error because of the blending of sources at low frequencies and the resolution of extended sources with interferometers at higher frequencies. In an attempt to improve positional and spectral data we have made a systematic survey at 80 MHz of all available Ariel V extragalactic sources (beamwidth -3' .7 arc) and remeasured the detected sources at 160 MHz (beamwidth ~ 1' .9 arc). After describing and listing our radio results we discuss the correlations between the X-ray, optical and radio data in some detail.
Radio Observations and Results
We have used the Culgoora radioheliograph, operated by the CSIRO Division of Radiophysics to survey most non-transient Ariel V X-ray sources with b > 10° within our declination range +35° to -45°; a few X-ray sources were omitted because of their proximity to strong interfering radio sources. The survey was made initially at 80 MHz with an angular resolution of ~ 3' .7 arc and covered about twice the area of the Ariel V error boxes; where an X-ray source had been associated with a cluster of galaxies the whole cluster area was surveyed. Each X-ray source was surveyed on at least two occasions in different observing sessions, each survey allowing us to detect sources with surface brightness > 3 Jy per beam (5<J) at 80 MHz. Any source detected at 80 MHz in the general survey was later reobserved at 160 MHz. In order to improve our estimates of the position and flux density we observed each source about five or six times at both 80 and 160 MHz. The flux density scales were calibrated by frequently observing calibration sources selected from the Culgoora-3 list of source measurements by Slee (1977) . Since these are based on the CKL flux scale, which is believed to be low in the metre-wave band, we have multiplied our 80 and 160 MHz flux densities by 1.15 and 1.10 respectively. Table I lists our radio measurements for 47 extra-galactic Xray sources. The suggested identifications in column 2 are those given in the Ariel V catalogue or in McHardy's (1978) analysis of the Ariel V results. For one identification (with NGC 7582) our own examination of the available optical plates and the literature suggests an alternative identification (see notes to Table II) . We were unable to detect any 80 MHz sources near 24 of the X-ray sources; in these cases our upper limits refer to the flux density of a point source. The spectral indices given in the last column of Table I are based entirely on our own 80 and 160 MHz measurements; however, in most cases for which higher-frequency data taken with similar angular resolution is available, the inclusion of that data would not markedly change the spectral indices. Table II lists the results of an investigation of the radio source positions of Table I on the Palomar red, ESO B and SRC J print and film series. The table is made up as follows. Column 1 -the cluster name (if applicable). Column 2 -the cluster Bautz-Morgan classification. Column 3 -the Culgoora source designation.
Optical Identifications of Radio Sources
Column 4 -the proposed identification -i.e. the number of galaxies x galaxy type, approximate magnitude, error box position. The error box position code is: I, object well centred in error box; II, object/s on or near edge of error box; III, no non-stellar objects in error box. Galaxy types are: (a) E, elliptical; (b) E p «, peculiar elliptical; (c) IP, interacting pair. NGC and 3C designations are given where applicable. Column 5 -a measure of the probability that the source is a cluster member, given as: I, where cluster membership is verified by redshift or where source lies within 0.3 of an Abell radius of the cluster centre; II, where source lies between 0.3 and 1 Abell radius of the cluster centre; III, where source lies outside the cluster Abell radius or where non-membership is indicated by redshift. Column 6 -the available redshift data for either the source (s) or the cluster (c). Column 7 -the references for the redshift data.
Two sources in Table II , 0038-096 and 2345-284, are of particular interest because of their particularly steep radio spectra (aiS° = 2.14, 2.38 respectively) and the fact that the optical fields near the sources are completely different. Both sources are resolved by the 160 MHz beam of the radioheliograph; contour maps of these sources are shown superimposed on the SRC J plate of the region for 0038-096 ( Fig. 1 ) and the ESO survey plate for 2345-284 (Fig. 2) . The reader is referred to the notes following Table II for descriptions and possible interpretations of these maps. tWe suggest an alternative identification in the footnotes to Table II. https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1323358000026485 
X-ray, Optical and Radio Relationships
CD (2)(3)
C4)
C6)
Zw 1518 Notes to Table II 0038-096 This steep-spectrum source lies only 0.1 Abell radius from the centre of A85. The 160 MHz contour map ( Fig. 1 ) of this source shows an extended (-5' x 6' arc) approximately circular region of emission which is not centred on any non-stellar object. Several small elliptical galaxies are contained within the region of emission but their position does not correspond to any feature on the map. This source could be a blend of emission from several galaxies which are not individually resolved at Culgoora or an example of the 'halotype' emission, as found in Coma.
0314-440 This multiple-nucleus galaxy is a possible member of a supercluster which includes 0318-444.
1251-289 Inspection of the ESO-B film and plate of this galaxy shows a curved projection (spiral feature or jet?) in the NE. quadrant.
1305-012
There is no cluster within 40' arc of this position; possibly aQSO.
1508 + 065 Two disturbed, possibly interacting elliptical systems.
+ 078
This source is displaced approximately 1' arc south of NGC 5920. Displacement has also been noted by Slingo (1974) for this very-steep-spectrum (aio8° = 2.7) source which lies in a weak cluster.
2315-428
The source 2315-426 lies 2' arc south of NGC 7582, a member of the Grus group, which is a Type II Seyfert galaxy. Both Parkes and Culgoora positions for this source lie well south of the galaxy and the radio error box includes a possible member of the very rich background cluster Rose 110 (Rose 1976 ).
2345-284
The morphology of the radio map (Fig. 2) of Klemola 44 reflects the distribution of the six brightest members of the cluster and is consistent with one of the two ellipticals near the centre of the map being a head-tail source, the tail of which is distorted by emission from a close pair to the west of the source centroid. and radio relationships, we shall discuss the spectral indices of all 80 MHz sources found in or near the Ariel V error boxes. Figure 3 shows the probability distribution of all the spectral indices listed in Table I ; the distribution is not significantly altered if only the 29 radio sources are considered which have been associated in Table II with clusters containing X-ray emitters. For comparison, Figure 3 also shows the distribution of spectral indices for extragalactic 3CR sources, given by Williams and Bridle (1967) . It is clear that the 80 MHz sources associated with X-ray sources tend to have much higher spectral indices than those of the general radio source population. This confirms the similar conclusions of Erickson et al. (1978) (deduced from decametric measurements with much lower angular resolution) for a largely different sample of X-ray sources. Figure 4 shows a breakdown of the distribution in terms of the different optical fields associated with the radio sources near the X-ray positions. It can be seen that the radio sources associated with all three types of optical field tend to have high spectral indices but the effect is particularly pronounced for sources not identified optically.
(ii) Intrinsic properties of clusters containing X-ray sources. If we assume that the radio sources marked I or II in column 5 of Table II are contained in the clusters we can compute the X-ray luminosity (L x ), 80 MHz power output (P 80 ), and radio luminosity (L R ) from the observed X-ray and 80 MHz fluxes and redshifts. Where more than one 80 MHz source is associated with the cluster we have summed the contributions from the separate sources in computing P 80 and L"; this appears to be a reasonable procedure in the absence of good X-ray positions and angular size information. The radio luminosities have been computed by integrating the flux densities over the frequency range 10 < v < 10,000 MHz. The resulting intrinsic parameters are listed in Table III. (iii) X-ray, radio luminosity vs Bautz-Morgan class and cluster Figure 3. Probability distribution for equal intervals of the lowfrequency radio spectral index a|S°. The full line refers to the 36 radio sources found near Ariel V error boxes, the dashed line to the 3CR sources.
richness. It is known that the X-ray sources are located preferentially in the Bautz-Morgan Class I clusters. Thus the presence of a single dominant galaxy in a cluster (B-M-I) increases greatly the chances of that cluster being an X-ray emitter. Figure 5 (a) and 5(b) are plots of the X-ray luminosity and radio luminosity respectively against the Bautz-Morgan class. It is apparent that both the X-ray and radio luminosity are significantly greater for the Bautz-Morgan I clusters than for the Bautz-Morgan Classes II and III clusters. X-ray sources are also known to occur more frequently in the richer clusters of galaxies so that a relationship between X-ray and radio luminosities and richness might be expected. No such effect could be found in the present data.
(iv) X-ray vs radio luminosity. Figure 6 is a plot of X-ray luminosity against 80 MHz power; a similar plot with slightly more scatter is obtained if L x is plotted against L R . It is clear that a well-defined relationship does exist and the result confirms a similar relationship between P". 3 and L x found by Erickson et al. (1978) from decametric measurements of X-ray sources. The formal least-squares solutions for the regressions of L x on P 8 o and L x on L K are log L x = 0.0279 + 1.09 log P» 0 and log L x = 0.357 + 0.99 log L R , with a standard error in the slope of 0.24 in both cases.
(v) Radio spectral index vs X-ray luminosity, B-M class, richness. We have plotted spectral index against L x , B-M class and richness but have found no clear relationships. The lack of a relation between L x and a in our data does not agree with the conclusions of Vidal (1975) and Erickson et al. (1978) . Erickson et al. . Possible observable effects of radio source evolution include: (i) changes in radio spectral index; (ii) changes in radio and X-ray luminosity; (iii) changes in surface brightness and linear diameter. The latter two tests of evolution suffer in the case of (ii) from possible selection effects and for (iii) from a lack of sufficient angular resolution. We shall consider only the possible effects of source evolution on spectral index and radio luminosity. A radio source confined for 2 x 10" years may decrease in total radio luminosity owing to synchrotron losses and at the same time the spectrum may steepen. No relationship between L R and a is evident in our results and one explanation for this is that the radio sources have been Spectral index Figure 4 . Distributions of spectral index aiS" for radio sources in various types of optical field, (a) sources associated with one or more elliptical galaxies; (b) sources identified with cD galaxies; (c) unidentified sources. repowered at least once during the 2 x 10' years represented in our data.
Discussion and Conclusions
We have surveyed the areas around 47 Ariel V X-ray sources which are > 10° from the galactic plane, with the following results.
(1) We have detected 40 sources near 22 Ariel V sources and placed upper limites of 2-3 Jy at 80 MHz on any sources near the remaining 25 Ariel V sources.
(2) We have detected 29 radio sources in 17 of the 27 clusters of galaxies which have been associated with Ariel V sources. Our comparisons of radio, optical and X-ray data for the cluster sources have resulted in the following conclusions:
(i) X-ray and 80 MHz sources occur preferentially in the richer clusters but the X-ray and radio luminosities are not dependent on richness in a systematic manner. (ii) X-ray and 80 MHz sources tend to occur more frequently in Bautz-Morgan Class I clusters; the X-ray and radio luminosities decrease in a systematic manner from B-M Class I to Bautz-Morgan Class III clusters. (iii) The low-frequency spectral indices aJo° of radio sources in clusters associated with X-ray sources tend to be much higher than those of the general radio source population; there is no clear relationship between aJJ° and any of the quantities X-ray luminosity, cluster richness or Bautz-Morgan class. (iv) The X-ray and radio luminosities are related by expressions of the form L x « L R "•• 1 or L, oc P., (v) Searches for evolutionary effects over the 2 x 10' years represented in our data failed to show an a/L R dependence. It is clear that the interpretation of these results in terms of the physical processes responsible for X-ray and radio emission clusters depends crucially on whether the X-ray emission comes principally from the radio galaxies themselves or from the gas between them. There is at present little information available on this question, but it is known that in the Perseus and Virgo clusters an appreciable fraction of the X-ray emission originates in individual radio galaxies, while in Coma most of the X-ray energy is from a very extended region. Our 80 MHz sources have angular dimensions <4' arc and can be identified with individual galaxies; because of the correlation between radio and X-ray luminosity, we can conclude that these galaxies are probably also the sources of the X-ray emission. Thus we suggest that there may be two sources of cluster Xray sources: (i) X-ray emitters associated with individual radio galaxies; (ii) extended X-ray sources associated with the intracluster medium, in which case the radio source might be extended. We suggest that the 10 X-ray-emitting clusters in Tables I and III with no accompanying compact 80 MHz sources may contain X-ray and radio sources of cluster dimensions; the associated 80 MHz source may be difficult to detect because of its low surface brightness.
It is clear that the 80 MHz sources listed in this paper do not originate from an extended distribution of relativistic electrons of cluster dimensions which also heat the intra-cluster gas and gives rise to X-ray emission by thermal bremsstrahlung. However, it may be feasible for the intracluster gas near some radio galaxies to be heated sufficiently to produce thermal X-ray sources of more compact dimensions. The prevalence of steep-spectrum sources in our sample shows that the energy distribution of the relativistic electrons is suitable for heating a gas efficiently, e.g. as described by Lea and Holman (1978) . However, in some clusters (notably A119, SC 0316-44, A2029/2033) X-ray emission does not depend upon the presence of a very steep-spectrum radio galaxy. The tightest relationship between radio and X-ray properties seems to involve the radio and X-ray luminosities -the radio spectral index appears to be a decidedly secondary consideration. The lack of an a/L R relationship may mean that the radio source is repowered more than once during the interval of 2 x 10' years. Our results would suggest that the Xray and radio source are confined by the surrounding gas to relatively small volumes in the cluster, with the radio source being repowered from time to time by ejections from the parent galaxy.
